9054 - The Journal of Neuroscience, August 22, 2007 - 27(34):9054 -9067

Cellular/Molecular

Actin Polymerization and ERK Phosphorylation Are
Required for Arc/Arg3.1 mRNA Targeting to Activated
Synaptic Sites on Dendrites

Fen Huang,' Jennifer K. Chotiner,' and Oswald Steward"23
Departments of ' Anatomy and Neurobiology, 2Neurobiology and Behavior, and Neurosurgery, Reeve-Irvine Research Center, and *Center for the
Neurobiology of Learning and Memory, University of California at Irvine, Irvine, California 92697

The mRNA for the immediate early gene Arc/Arg3.11s induced by strong synaptic activation and is rapidly transported into dendrites, where
it localizes at active synaptic sites. NMDA receptor activation is critical for mRNA localization at active synapses, but downstream events that
mediate localization are not known. The patterns of synaptic activity that induce mRNA localization also trigger a dramatic polymerization of
actin in the activated dendritic lamina and phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) throughout the postsynaptic
cytoplasm. The local polymerization of actin in the activated dendritic lamina is of particular interest because it occurs in the same dendritic
domains in which newly synthesized Arc/Arg3.1 mRNA localizes. Here, we explore the role of activity-induced alterations in the actin network
and mitogen-activated protein (MAP) kinase activation in Arc/Arg3.1 mRNA localization. We show that actin polymerization induced by
high-frequency stimulation is blocked by local inhibition of Rho kinase, and Arc/Arg3.1 mRNA localization is abrogated in the region of Rho
kinase blockade. Local application of latrunculin B, which binds to actin monomers and inhibits actin polymerization, also blocked the
targeting of Arc/Arg3.1 mRNA to activated synaptic sites. Local application of the MAP kinase kinase inhibitor U0126 (1,4-diamino-2,3-
dicyano-1,4-bis[2-amino-phenylthio]butadiene) blocked ERK phosphorylation, and also blocked Arc/Arg3.1 mRNA localization. Our results
indicate that the reorganization of the actin cytoskeletal network in conjunction with MAP kinase activation is required for targeting newly
synthesized Arc/Arg3.1 mRNA to activated synaptic sites.
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Introduction

Increasing evidence suggests that the immediate early gene Arc/
Arg3.1is critically involved in processes of synaptic plasticity that
are induced by activity and some forms of behavioral memory
(Tzingounis and Nicoll, 2006). Arc/Arg3.1 has been intriguing
since its discovery because it reveals cellular mechanisms that are
capable of bringing about synapse-specific modifications that de-
pend on transcription and translation. Originally, Arc/Arg3.1 at-
tracted attention because newly synthesized Arc/Arg3.1 mRNA
was rapidly delivered throughout dendrites (Link et al., 1995;
Lyford et al., 1995). Later studies revealed that patterns of synap-
tic activity that trigger long-term potentiation (LTP) also caused
Arc/Arg3.1 mRNA and protein to localize selectively at active
synapses (Steward et al., 1998; Moga et al., 2004) and that this
targeting depended on NMDA receptor activation (Steward and
Worley, 2001b,¢). Other studies revealed that induction of Arc/
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Arg3.1 expression is critical for both LTP and behavioral memory
(Guzowski et al., 1999, 2000; Plath et al., 2006). Most recently, it
has been found that Arc/Arg3.1 protein plays a critical role in cell
biological processes that mediate glutamate receptor endocytosis
(Chowdhury et al., 2006; Rial Verde et al., 2006; Shepherd et al.,
2006; Tzingounis and Nicoll, 2006).

Localization of Arc/Arg3.1 mRNA at active synapses may be
one of the critical events that must occur for the kinds of endur-
ing synaptic modifications that underlie some forms of memory
(Tzingounis and Nicoll, 2006). The mechanisms underlying Arc/
Arg3.1 mRNA targeting to activated synapses are not fully under-
stood, but there are a priori reasons to suspect that the actin
cytoskeleton plays a role. Filamentous actin is highly organized in
dendritic spines (Matus et al., 1982) and the organization of the
actin network is regulated by synaptic activity (Segal and
Andersen, 2000; Okamoto et al., 2004). Other studies have re-
vealed a tight correlation between increases in polymerized actin
in dendritic spines and the conditions that lead to hippocampal
LTP (Lin et al., 2005; Kramar et al., 2006).

High-frequency stimulation (HFS) of the perforant path in
vivo induces striking actin polymerization in the zone of the ac-
tivated synapses, revealed by phalloidin staining (Fukazawa et al.,
2003). This is the same dendritic region in which Arc/Arg3.1
mRNA localizes in response to HFS, raising the possibility that
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actin polymerization may be part of the
molecular mechanism that underlies the
targeting Arc/Arg3.1 mRNA to active
synapses.

Here, we explore this hypothesis by as-
sessing the relationship between changes
in the actin network at active synapses and
the targeting of Arc/Arg3.1 mRNA. We
show that actin polymerization induced by
HFS of the perforant pathway requires
NMDA receptor activation, and depends
on Rho kinase (ROCK). Pharmacological
inhibition of Rho kinase or disruption of
the actin cytoskeleton with latrunculin B
blocked localization of Arc/Arg3.1 mRNA
at active synaptic sites. Arc/Arg3.1 mRNA
localization is also prevented by pharma-
cological blockade of extracellular signal-
regulated kinase (ERK) phosphorylation,
indicating that the local polymerization of
actin and ERK phosphorylation are critical
components of the mechanism that medi-
ates the specific localization of Arc/Arg3.1
mRNA at active synaptic sites.

Materials and Methods

Neurophysiological techniques and stimulation
paradigms. Our experiments took advantage of
the unique model system provided by the per-
forant path projections to the dentate gyrus in
rats, which terminates in a sharply defined lam-
ina on the dendrites of granule cells. HES of
these projections induces LTP and triggers a
host of molecular processes that have been
characterized in previous studies (Steward et
al,, 1998; Steward and Halpain, 1999; Davis et
al., 2000; Fukazawa et al., 2003).

For the present experiments, adult male
Sprague Dawley rats were anesthetized with
urethane (0.2 g/100 g body weight, by i.p. injec-
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Figure1.  Arc/Arg3.1 mRNA localizes in the same dendritic
lamina marked by the band of polymerized actin. 4, Selective
localization of Arc/Arg3.1 mRNA in the middle molecular layer
of the dentate gyrus in a rat that received repeated 400 Hz
trains for 90 min. B, Phalloidin staining reveals the band of
polymerized actin in the middle molecular layer of the den-
tate gyrus from the same experiment. C, D, Arc/Arg3.1 mRNA
expression (€) and phalloidin staining (D) for polymerized ac-
tin in the dentate gyrus contralateral to the HFS. The stimu-
lated and control figures are from the same sections. E, The
graph illustrates D measurements of Arc/Arg3.1 mRNA ex-
pression across the molecular layerin the areasillustrated in A
(Arc/Arg3.1mRNA HFS) and € (Arc/Arg3.1mRNA Con). F, Op-
tical density measurements of phalloidin staining across the
molecular layer in B and D. G-1, Colocalization of Arc/Arg3.1
protein and F-actin in the activated dendritic lamina. G, Flu-
orescence immunocytochemistry for Arc/Arg3.1 proteinin an
animal that received repeated HFS. H, Phalloidin staining for
F-actin in the same section. I, Overlay of Arc/Arg3.1 and
F-actin. Arrows indicate the band of Arc protein (G) and poly-
merized actin (H) in the middle molecular layer. GCL, granule
cell layer. Arrows point out the middle molecular layer, which
has been activated. Scale bars, 100 wm.



9056 - J. Neurosci., August 22, 2007 - 27(34):9054 -9067

tion) and placed in a stereotaxic frame. A con-
stant body temperature was maintained by
placing animals on a water-jacketed heating
pad throughout the experiment. A stimulating
electrode was placed in the medial entorhinal
cortex (EC) at the following coordinates: 4.0
mm lateral, 1.0 mm anterior to the A suture,
and ~3-4 mm deep to the cortical surface. A
recording electrode (a pulled-glass micropi-
pette) was positioned in the dentate gyrus at 3.5
mm posterior to bregma, and 1.6 mm lateral
and ~3.0 mm below the cortical surface. The
final positions of the stimulating and recording
electrodes were adjusted by monitoring the
electrophysiological response generated by
stimulation of the entorhinal cortex. The mi-
cropipette recording electrodes were filled ei-
ther with 0.9% saline or drugs as described fur-
ther below.

For stimulation paradigms that induce Arc/
Arg3.1 mRNA localization, stimulus intensity
was adjusted so as to elicit a 1.5-3.0 mV popu-
lation spike. Test stimulation was delivered to
determine the baseline response amplitude, and
then three bouts of 10 trains (eight pulses at 400
Hz) were delivered at a rate of 1/10 s. Ten test
stimuli were delivered after each of the three
bouts of 10 trains to assess the degree of LTP.
Then, trains of high-frequency stimuli (eight
pulses at 400 Hz) were delivered at a rate of one
every 10 s for different periods as described in
the Results.

For experiments involving local delivery of
drugs to the hippocampus, the micropipette re-
cording electrode was filled with the drug solu-
tions, allowing the drug to diffuse from the pi-
pette (Steward and Halpain, 1999; Steward and
Worley, 2001b). The following agents were dis-
solved in saline and delivered locally by diffu-
sion: latrunculin B (400 ug/ml; Sigma, St.
Louis, MO) in 10%DMSO/saline, (+)-5-
methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine hydrogen
maleate (MK801; 10 mg/ml; Tocris Bioscience,
Ellisville, MO) in saline, Rho kinase inhibitor in
solution (1 mum in saline; Calbiochem, La Jolla,
CA), 1,4-diamino-2,3-dicyano-1,4-bis|2-
amino-phenylthio]butadiene (U0126; 100 M,
10% DMSO in saline; Tocris Bioscience), and
2-(2-diamino-3-methoxyphenyl-4 H-1-
benzopyran-4-one (PD98059; 200 um, 10%
DMSO in saline; Calbiochem).

Preparation of tissue for in situ hybridization
and immunocytochemistry. At the termination
of the neurophysiological experiments, rats
were deeply anesthetized and perfused with 4%
paraformaldehyde in 0.1 M PBS, pH 7.4. Brains
were removed and postfixed overnight in 4%
paraformaldehyde/PBS. Brains were sectioned
on a vibratome at 40 wm and stored in 1X PBS
at 4°C. Sections containing the drug delivery
sites and control sections far from the drug sites
were selected for immunocytochemistry and in
situ hybridization.

Immunocytochemistry. Free-floating sections
were heat-treated at 95°C for 5 min for antigen
retrieval. Sections were incubated in blocking
buffer for 2 h at room temperature [10% nor-
mal goat serum (NGS) for polyclonal antibod-
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ies], then incubated with polyclonal phosphorylated ERK (p-ERK) anti-
body (catalog #9101; Cell Signaling Technology, Beverly, MA) at a
dilution of 1:200 at room temperature overnight. Sections were washed
with 1X TBS several times, and then incubated in biotin conjugated goat
anti-rabbit IgG secondary antibody (1:500) for 2 h at room temperature.
After washing, sections were incubated in Vector ABC kit (Vector Labo-
ratories, Burlingame, CA) for 1 h, and then reacted with DAB and H,O,
for the colorization reaction. Sections were mounted on poly-L-lysine
slides, dehydrated through alcohols to xylene, and coverslipped.

For double staining of p-ERK and Arc/Arg3.1, free-floating sections
were heat-treated at 95°C for 5 min for antigen retrieval and were incu-
bated in blocking buffer with goat polyclonal p-ERK antibody (1:200;
catalog #sc-16982; Santa Cruz Biotechnology, Santa Cruz, CA) and rab-
bit polyclonal Arc/Arg3.1 antibody (1:1000; generous gift from Paul
Worley, Johns Hopkins University, Baltimore, MD) at room temperature
overnight. Goat anti-rabbit IgG-Alexa-488 and donkey anti-goat IgG-Alexa-
546 were used for the detection of the primary antibodies. Sections were
mounted on slides and coverslipped with ProLong Gold antifade reagent
(Invitrogen, Eugene, OR).

The specificity of the primary antibody used here has been extensively
documented. The polyclonal antibody for p-ERK recognizes bands at the
expected molecular weights of ERK 1 and 2 in Western blots; antibody
binding is seen only when the protein is phosphorylated (manufacturer’s
product information). The pattern of immunostaining for p-ERK pro-
vides strong validation for the specificity of the antibody because staining
is strikingly altered by physiological activity (see Results).

For phalloidin staining, tissue sections were treated with PBS with
0.1% Triton X-100 for 30 min and then blocked with 2.5% BSA and 2.5%
NGS/PBS for 2 h, and then incubated overnight at 4°C with phalloidin-
tetramethylrhodamine isothiocyanate (TRITC) conjugate (0.5 ug/ml;
Sigma). After incubation, the sections were washed three times with 1 X PBS
and then rinsed in water once. Sections were mounted on slides and cover-
slipped with ProLong Gold antifade reagent (Invitrogen). Previous studies
have confirmed that increases in phalloidin staining correspond to increases
in polymerized actin as measured biochemically (Fukazawa et al., 2003).

For double staining for phalloidin and Arc/Arg3.1 immunocytochem-
istry, sections were treated with PBS with 0.1% Triton X-100 for 30 min
and then blocked with 2.5% BSA and 2.5% NGS/PBS for 2 h, and then
incubated overnight at room temperature with Arc/Arg3.1 antibody (1:
1000; a generous gift from Paul Worley). Sections were then incubated
with Alexa-488-conjugated goat anti-rabbit IgG and phalloidin TRITC
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conjugate (0.5 pug/ml; Sigma) for 2 h at room temperature to detect the
Arc/Arg3.1 primary antibody and F-actin, respectively.

In situ hybridization. For in situ hybridization, floating sections were
postfixed with 4% paraformaldehyde in 0.1 M PBS for 30 min, then rinsed
with 0.5X saline-sodium citrate buffer (0.5X SSC, 0.1% DEPC treated)
for 5 min. Sections were treated with proteinase K (1.25 mg/L) for 15
min, and rinsed again with 0.5X SSC (0.1% DEPC treated) for 10 min.
The sections were incubated with 75 ul of prehybridization buffer (2X
SSC, 25% formamide, 1% Denhardt’s reagent, 10% dextran sulfate, 0.5
mg/ml heparin, 0.5 mg/ml yeast tRNA, and 0.25 mg/ml of denatured
salmon sperm DNA) and incubated at 42°C for 2 h. After the prehybrid-
ization, sections were incubated in 450 ul of hybridization buffer with 2
ug of digoxigenin-cRNA probe for Arc/Arg3.1 mRNA (Steward and
Worley, 2002b) overnight at 55°C. The next day, sections were washed
with 2X SSC/10 mMm EDTA twice (10 min each). The sections were
treated with RNase A for 30 min, and then washed twice with 2X SSC/
EDTA (10 min per wash). The stringency wash was 0.5X SSC/10 mm
EDTA at 55°C for 2 h. After that, sections were washed with 0.5X SSC
twice (10 min each at room temperature). Alkaline phosphatase conju-
gated anti-digoxigenin Fab fragment (1:10,000) was used to detect the
hybridized probes. Nitroblue tetrazoleum/5-bromo-4-chloro-3-indolyl
phosphate solution was applied overnight at 4°C to detect the alkaline
phosphatase. Sections were then washed with 100 mm Tris-HCI, pH 8.5/1
mwm EDTA three times, 10 min each, and rinsed with nanopure water
twice. Sections were mounted on coated slides, air dried, and covered
with Kaiser’s glycerol jelly.

Optical density measurements. Labeling produced by in situ hybridiza-
tion and immunocytochemistry was analyzed quantitatively by measur-
ing optical density (OD) in activated versus control sites. This was ac-
complished either by measuring OD using an M4 microcomputer
imagine device (MCID) or by analyzing images using public-domain
image-processing program Image].

Using the MCID system, OD measurements were taken in a series of 10
X 10 um measuring boxes. A row of five separate rows of OD measure-
ments were taken at 10 wm intervals from the granule cell layer to the
molecular layer and the five OD values at each level were averaged.
Graphs illustrate the average OD at each level of the molecular layer. Data
are shown as the SD of the measures at a given level.

Using Image], optical density measurements were obtained from 20-
pm-wide rectangular selections that extend across the granule cell body
layer and molecular layer. Optical density values were calculated by av-
eraging individual pixel intensities from each
row of pixels. Graphs illustrate the average OD
from values of three rectangular selections. Er-

Figure 2. Actin polymerization depends on NMDA receptor and Rho kinase activation, and inhibition of actin polymerization
blocks Arc/Arg3.1 mRNA localization. A and Billustrate phalloidin staining from an experiment in which a micropipette filled with
MK801 was positioned in the dentate gyrus during the period of HFS. A, Phalloidin staining on the control (unstimulated) side. B,
Phalloidin staining on the side that received HFS. The micropipette containing MK801 was located between the arrows. Note the
band of polymerized actin in areas distant from the micropipette (arrowheads), and the absence of the band in the area surround-
ing the micropipette (arrows). C-J, Phalloidin staining and /n situ hybridization for Arc/Arg3.1 mRNA in experiments in which
micropipettes filled with the Rho kinase inhibitor were positioned in the dentate gyrus during the period of HFS. In these
experiments, three bouts of 10 trains of 400 Hz were delivered to induce LTP, and then 400 Hz were delivered at a rate of 1/10 s for
an additional 30 min. The animal was killed ~50 min after the first high-frequency train. , Phalloidin staining reveals a blockade
of actin polymerization in the area surrounding the micropipette filled with the Rho kinase inhibitor (arrows). Note the prominent
band of polymerized actin in areas distant from the micropipette (arrowheads). D, Phalloidin staining of a section showing a band
of phalloidin staining surrounding the track of a saline filled electrode. E, Distribution of Arc/Arg3.1 mRNA as revealed by in situ
hybridization in the control dentate gyrus contralateral to the side that received HFS. F-H, Arc/Arg3.1 mRNA targeting to the
activated dendritic lamina is blocked by inhibition of Rho kinase. F, Pattern of labeling for Arc/Arg3.1 mRNA in the area surround-
ing the micropipette with the Rho kinase inhibitor. Arrowheads indicate the band of Arc/Arg3.1 mRNA in the activated dendritic
lamina in areas distant from the micropipette. In the area immediately surrounding the micropipette, Arc/Arg3.17 mRNA is
distributed diffusely across the dendritic lamina rather than being localized in a band in the activated segment (arrows), which
indicates the blockade of Arc/Arg3.1 mRNA targeting as a result of inhibition of Rho kinase. G, High-magnification photomicro-
graph illustrating the localization of Arc/Arg3.1 mRNA in sections posterior to the drug application site. Note the band of Arc/
Arg3.1 mRNA in the middle molecular layer of dentate gyrus (arrowheads). H, High-magnification photomicrograph illustrating
Arc/Arg3.1TmRNA distribution in the area surrounding the micropipette with the Rho kinase inhibitor. Arrows indicate the areasin
which Arc/Arg3.1 mRNA targeting is blocked. Graphs in / and Jillustrate the optical density measurement across the molecular
layerin areas surrounding the micropipette filled with the Rho kinase inhibitor (ROCK Inh) and areas distant from the micropipette
(Distant site). I) Optical-density measurements of phalloidin staining for F-actin are as shown in C. J, Optical-density measure-
ments of Arc/Arg3.1 mRNA distribution as shown in F. GCL, granule cell layer. Scale bars, 100 um.

ror bars in the figures represent the SD.

Results

HFS of the perforant path triggers actin
polymerization and Arc/Arg3.1 mRNA
localization in the activated dendritic
lamina.

Previous studies have documented that ac-
tivation of the perforant path using stimu-
lation parameters that induce LTP triggers
several events in postsynaptic granule neu-
rons including (1) Arc/Arg3.1 mRNA and
protein localization in the activated den-
driticlamina (Steward et al., 1998), and (2)
rapid polymerization of actin in the acti-
vated dendritic lamina revealed by phalloi-
din staining (Fukazawa et al., 2003).

Our standard paradigm for inducing
perforant path LTP involves the delivery of
three bouts of 10 trains at 400 Hz (a total of
30 trains), delivering 10 test pulses be-
tween each bout of 10 trains to assess the
extent of synaptic potentiation, and then
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delivering repeated 400 Hz trains at 1/10 s for different periods of
time. Although a 30 train HFS protocol is sufficient to induce
Arc/Arg3.1, selective targeting of the mRNA to the active den-
dritic lamina requires synaptic activity during the time that Arc/
Arg3.1 mRNA is present in dendrites (30—60 min after the first
HEFS) (Steward and Worley, 2001). Figure 1 illustrates an exper-
iment in which the animal received HFS for 90 min. In this situ-
ation, Arc/Arg3.1 mRNA was strongly induced, as revealed by
massive labeling over the layer of granule cell bodies, and there
was also a discrete band of labeling in the activated dendritic
lamina (the middle molecular layer) (Fig. 1A). The localized
band of labeling for Arc/Arg3.1 mRNA in the molecular layer was
in the same location as the striking band of polymerized actin
revealed by phalloidin staining (Fig. 1B.) Quantitative assess-
ment of the optical density of Arc/Arg3.1 mRNA and F-actin
across the molecular layer revealed the distinctness of the band in
the middle molecular layer (Fig. 1E,F). Note that in Figure 1E,
the Arc/Arg3.1 mRNA signal in the cell body layer is saturated on
the stimulated side; however, optical density in the dendritic lam-
ina is below saturation, allowing comparisons across the molec-
ular layer and between the two sides.

Comparisons of the localized band of Arc/Arg3.1 mRNA and
the band of polymerized actin in nearby sections suggest that the
two are colocalized. Assessing colocalization by performing in
situ hybridization for Arc/Arg3.1 mRNA and phalloidin staining
for F-actin in the same section has not been feasible in our hands,
however, because of the differences in tissue preparation. Thus,
to address the issue of colocalization, we took advantage of the
fact that Arc/Arg3.1 protein accumulates in the activated den-
dritic lamina in the same pattern as Arc/Arg3.1 mRNA (Steward
and Worley, 2001a) so that the distribution of Arc/Arg3.1 protein
can be used as a proxy for the distribution of Arc/Arg3.1 mRNA.
Double staining of individual sections for Arc/Arg3.1 protein and
phalloidin revealed that the band of Arc/Arg3.1 protein and
F-actin are colocalized in the same dendritic region (Fig. 1G-I).
The colocalization of the band of phalloidin staining and the zone
in which Arc/Arg3.1 mRNA localizes suggests the hypothesis that
local polymerization of actin may be part of the mechanism un-
derlying the localization of Arc/Arg3.1 mRNA in the activated
dendritic lamina.

Actin polymerization depends on NMDA receptor activation
Previous studies have shown that local delivery of NMDA recep-
tor antagonists block the induction of Arc/Arg3.1 mRNA tran-
scription and targeting to dendrites that occurs after HES of the
perforant path (Steward and Worley, 2001b; Fukazawa et al.,
2003). Systemic delivery of NMDA receptor antagonists has also
been shown to block actin polymerization induced by HES of the
perforant path (Fukazawa et al., 2003). We confirmed this result
in the present experiments by delivering the NMDA receptor
antagonist MK801 by diffusion from the recording electrode,
which blocks NMDAR in a small area in the dentate gyrus. Con-
sistent with the findings of Fukazawa et al. (2003), actin polymer-
ization was completely blocked in the region surrounding the
MK801-filled micropipette (Fig. 2 B). Similar results were seen in
three separate experiments.

It should be noted that there is a very light band of increased
phalloidin staining in the dentate gyrus on the side contralateral
to the stimulation (Figs. 1D, 2A), which is not seen in control
animals that did not receive perforant-path stimulation (data not
shown). This light band probably reflects the activation of the
sparse, crossed temporodentate pathway from the stimulated en-
torhinal cortex to the contralateral dentate gyrus.
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Inhibition of Rho kinase blocks HFS-induced

actin polymerization

What signaling pathways are responsible for actin polymeriza-
tion induced by HFS? A likely candidate is the Rho family of small
GTPases, including RhoA, Rac, and Cdc42, which has been
shown to regulate different aspects of actin organization in vari-
ous cell types including neurons (Hall, 1998; Luo, 2002). ROCK is
a well characterized downstream effector of RhoA, and there is
evidence that actin dynamics in dendrites and spines is mediated
by this signal-transduction pathway (Tashiro and Yuste, 2004;
Schubert et al., 2006).

Accordingly, we explored whether the actin polymerization
induced by HFS was mediated by RhoA—Rho kinase. We used a
highly selective and potent Rho kinase inhibitor (catalog
#555550; Calbiochem) to selectively block Rho kinase activity. As
with NMDA receptor antagonists, the inhibitor was delivered
locally to the molecular layer of dentate gyrus by allowing it to
diffuse from a recording micropipette electrode. Figure 2C—J il-
lustrates an experiment in which three bouts of 10 400 Hz trains
were delivered interspersed with 10 test stimuli, and then high-
frequency trains were delivered at a rate of 1/10 s for 30 min. The
rat was then perfused within ~3—4 min after the end of the stim-
ulation (which was ~50 min after the first HFS train). As illus-
trated in Figure 2C, the band of increased phalloidin staining in
the activated dendritic lamina was blocked in a small area sur-
rounding the Rho kinase inhibitor-filled micropipette. Optical
density quantification revealed that phalloidin staining intensity
in the area surrounding the Rho kinase inhibitor-filled micropi-
pette was significantly different from sites distant from drug ap-
plication in the same section (Fig. 2C,I). Similar results were
repeated in four experiments. To obtain a quantitative measure-
ment of activity-induced actin polymerization and the blockade
produced by the Rho kinase inhibitor, the OD at the peak of
labeling in the middle molecular layer was compared with the OD
in the side band regions proximal and distal to the band of poly-
merized actin. The average of 10 OD values at the peak of labeling
in the middle molecular layer (MML) and 10 OD values in the
inner molecular layer (IML) and outer molecular layer (OML)
just proximal and distal to the band were calculated (Fig. 2I), and
OD value difference was then calculated as OD MML — [(OD
IML + OD OML)/2]. This calculation was done for the area
surrounding the Rho kinase inhibitor-filled micropipette and in
regions distant from the pipette where the band of F-actin was
localized (Fig. 2I). The same quantitative comparisons were per-
formed in a total of three separate experiments. The average OD
value difference in the sites distant from ROCK inhibitor application
is 35.38 * 1.06, whereas the average OD value difference in ROCK
inhibitor application sites is 8.42 * 1.16, indicating that the band of
polymerized actin in the activated dendritic lamina was blocked in
the area surrounding the Rho kinase inhibitor-filled micropipette.

The vehicle for the Rho kinase inhibitor in these experiments
was saline, and actin polymerization induced by HFS is not af-
fected in the region surrounding saline-filled micropipettes (Fig.
2D) (see also Huang et al., 2005). These results indicate a critical
role for Rho kinase in the actin polymerization that is triggered by
strong synaptic activation.

Inhibition of Rho kinase blocks Arc/Arg3.1 mRNA targeting
to the activated dendritic lamina

The band of polymerized actin marks the region in which Arc/
Arg3.1 mRNA accumulates in response to perforant path activa-
tion, suggesting the possibility that the reorganization of the actin
cytoskeleton revealed by phalloidin staining is part of the mech-
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blockade produced by the Rho kinase in-
hibitor across different experiments, simi-
lar quantification methods as for F-actin
was used. Briefly, the OD at the peak of
labeling in the middle molecular layer was
compared with the OD in the side band
regions proximal and distal to the band of
labeling. The average of five OD values at
the peak of labeling in the MML and five
OD values in the IML and OML just prox-
imal and distal to the band were calculated
(Fig. 2]), and OD value difference was
then calculated as OD MML — [(OD IML
+ OD OML)/2]. This calculation was
done for the area surrounding the Rho ki-
nase inhibitor-filled micropipette and in
regions distant from the pipette where the
band of Arc/Arg3.1 mRNA was localized
(Fig. 2]). The same quantitative compari-
sons were performed in a total of three sep-
arate experiments. The average OD value
difference in the sites distant from ROCK
inhibitor application is 56.03 * 5.15,
whereas the average OD value difference in

T after 30min 400hz
50% 4 ROCK inhibitor >XP0UtS
0% 1 f‘n:ll n'h,

0 40 80 120 160
5 min Response Number

Figure3.

Inhibition of Rho kinase attenuates LTP. 4, Example traces of responses during baseline recording with a saline-filled
electrode, after placement of the micropipette filled with the Rho kinase inhibitor, after the delivery of 3>X 10 400 Hz trains (51,
$2,and S3), and after 30 min of repeated delivery of 400 Hz trains at 1/10 s intervals. B, The graph plots the average EPSP slope
expressed as a percentage of the baseline across three separate experiments. Twenty-two test responses were collected with the
saline-filled electrode; and forty test responses were collected after replacement of the Rho kinase inhibitor-filled electrode. After
the baseline recording, three bouts of 400 Hz stimulation were applied and 10 test responses were taken after each bout. Then,
continuous HFS was delivered for 30 min followed by 90 min of test stimulation to assess the extent of LTP. The graph shows the
average EPSP slope of the first 50 responses after 30 min HFS and the last 50 responses before the end of the experiment. Note the

ROCK inhibitor application sites is 2.55 *
0.65. As is evident, the selective localiza-
tion of Arc/Arg3.1 mRNA in the activated
dendritic lamina was completely blocked
in the area surrounding the Rho kinase
inhibitor-filled micropipette. These find-
ings implicate actin polymerization trig-
gered by HFS as an important part of the
mechanism underlying the selective local-
ization of Arc/Arg3.1 mRNA in the acti-
vated dendritic segment.

200

slight drop of EPSP slope during the replacement of the saline-filled electrode with the Rho kinase inhibitor-filled electrode. EPSP

slopeincreased by an average of 16% after three bouts of HFS, and by 23% after 30 min of continuous HFS, declining to 17% by the
end of the testing period. In similar experiments with saline-filled micropipettes, the average percentage increase in field EPSP

slope was 63 == 6.4% (Steward and Worley, 2001b).

anism underlying the selective localization of Arc/Arg3.1 mRNA
in activated dendritic domains. To test this hypothesis, we as-
sessed whether blockade of actin polymerization by the Rho ki-
nase inhibitor also blocked Arc/Arg3.1 mRNA localization. Sec-
tions from the same experiments in which we showed the
blockade of F-actin by the Rho kinase inhibitor were stained for
Arc/Arg3.1 mRNA by in situ hybridization. The site of blockade
of actin polymerization in one case is illustrated in Fig. 2C. Inhi-
bition of Rho kinase did not block Arc/Arg3.1 transcription or
delivery of Arc/Arg3.1 mRNA into dendrites. Arc/Arg3.1 mRNA
was induced and newly synthesized Arc/Arg3.1 mRNA was trans-
ported into dendrites in the area surrounding the micropipette.
Importantly, however, Arc/Arg3.1 mRNA did not localize selec-
tively in the activated lamina, and instead, remained diffusely
distributed throughout the molecular layer of the dentate gyrus,
indicating distribution of the mRNA throughout dendrites (Fig.
2F,H). Optical-density measurement across the molecular layer
confirms the difference in Arc/Arg3.1 mRNA distribution pat-
tern in the Rho kinase inhibitor application sites versus sites dis-
tant from the drug application on the same section (Fig. 2F,]).
To obtain a quantitative measurement of the accumulation of
Arc/Arg3.1 mRNA in the activated dendritic lamina, and the

Inhibition of Rho kinase attenuates
long-term potentiation induced by HFS
of the perforant path
Given that inhibition of Rho kinase blocks
actin polymerization and the targeting of
Arc/Arg3.1 mRNA to activated dendritic segments, it was of in-
terest to assess whether inhibiting Rho kinase affects perforant
path LTP. To assess the physiological consequences of Rho kinase
inhibition, a saline-filled electrode was first positioned in the
molecular layer of the dentate gyrus to record the negative-going
population EPSP (for example traces, see Fig. 3A). Baseline re-
sponses were recorded, and then the saline-filled micropipette
was removed and replaced with a micropipette filled with the Rho
kinase inhibitor, repositioning the electrode in the middle mo-
lecular layer of the dentate gyrus where the negative-going pop-
ulation EPSP was at its maximum. Single-pulse stimulation was
then delivered to assess response amplitude and baseline re-
sponses were recorded for 30 min, and then three bouts of HFS
(10 trains of eight pulses at 400 Hz) were delivered. Between each
bout, 10 test pulses were collected to assess the degree of synaptic
potentiation. After three bouts, high-frequency trains (eight
pulses at 400 Hz) were delivered for another 30 min. After 30 min
of HFS, test stimulation was delivered and test responses were
recorded for 90 min to 2 h. In control experiments, the micro-
electrode was removed and replaced by another filled with saline.
Immediately after replacing the saline-filled micropipette by
one filled with the Rho kinase inhibitor, responses evoked by
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perforant path stimulation were reduced,
and then recovered to an average of 86.9 +
1.3%% of the baseline after a few minutes
(Fig. 3B). This is within the range of what is
seen when one saline electrode is replaced
by another (Steward and Worley, 2001b).
Immediately after three bouts of HES, the
slope of the negative-going EPSP was
16.1 * 4.1% higher than the postdrug
baseline response. Response amplitude re-
mained elevated after 30 min of continu-
ous HFS (23.8 *+ 2.6%), and was still ele-
vated 90 min after HFS (17.1 = 3.9%),
indicating that the LTP that was induced
was long lasting. Nevertheless, the extent
of the increase in EPSP slope was less than
is typically seen. For example, in control
experiments that used identical stimula-
tion and recording techniques, the mean
increase in slope of the negative-going
population EPSP in five animals was 63 *
6.4% immediately after delivery of the
trains (Steward and Worley, 2001b). Thus,
inhibition of Rho kinase attenuates the in-
duction of LTP, but the LTP that does oc-
cur persists for the duration of the testing
period.

In interpreting the residual potentiation
seen here, it is important to recall that the
population EPSP is a field response that re-
flects the summation of synaptic currents
over some distance. Thus, the residual po-
tentiation may reflect enhanced synaptic
currents from locations outside the area of
blockade of actin polymerization.

Actin polymerization inhibition with
latrunculin B suppresses transcriptional
activation of Arc/Arg3.1

The experiments above demonstrate that
Rho kinase inhibition blocks actin poly-
merization and Arc/Arg3.1 mRNA target-
ing. It is possible, however, that blockade
of Arc/Arg3.1 mRNA localization is not
directly caused by the blockade of actin
polymerization and instead reflects some
other roles of Rho kinase. To further con-
firm the role of the actin cytoskeleton, we
assessed the effects of latrunculin B, which
binds to monomeric actin and reduces its
availability, and thus shifts the equilibrium
between polymerization and depolymer-
ization toward net depolymerization. Pre-
vious studies have shown that latrunculin
B disrupts F-actin in dendritic spines and
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Figure 4.  Latrunculin B blocks actin polymerization and Arc/Arg3.1 mRNA induction. A and B show an experiment in which
micropipettes filled with latrunculin B (Latr) were positioned in the dentate gyrus during the period of HFS. In these experiments,
HFS was delivered for 30 min. A, Phalloidin staining reveals a blockade of actin polymerization in the area surrounding the
micropipette filled with the latrunculin B (arrows). Note the prominent band of polymerized actin in areas distant from the
micropipette (arrowheads). B, High-magnification pictures of the pattern of phalloidin staining in the site of latrunculin B
application. (~E, Distribution of Arc/Arg3.1mRNAin experimentsin which micropipettes filled with latrunculin B were positioned
inthe dentate gyrus during the period of HFS. In these experiments, HFS was delivered for 90 min. €, Arc/Arg3.1 mRNA expression
in the dentate gyrus contralateral to HFS. D, Arc/Arg3.1 mRNA expression in the area surrounding the latrunculin B-filled micropi-
pette. Note the blockade of Arc/Arg3.1 mRNA induction in the area of latrunculin B application (arrow) and strong expression in
areas distant from the site of drug application (arrowheads). E, Plot of the average OD across the molecular layer from the case
shown in A and B. Pink represents the OD in the stimulated dentate gyrus, red illustrates OD values in the dentate gyrus on the
control side contralateral to the stimulation, and blue represents the 0D in the latrunculin B application site. Error bars indicate the
SD of the five measurements at each level. Sti, Stimulation; DG, dentate gyrus; GCL, granule cell layer. Scale bar, 100 wm.

vealed by a loss of fluorescence in the area surrounding the latrun-

also blocks the late phase of LTP (Allison et al., 1998; Fukazawa et al.,
2003). As above, latrunculin B was delivered locally by allowing it to
diffuse from a micropipette positioned in the dentate gyrus before
delivering HES to the perforant path. As shown in Figure 4, A and B,
local delivery of latrunculin B completely blocked the development
of the band of actin polymerization and also caused a loss of phalloi-
din staining in a small region surrounding the micropipette, as re-

culin B-filled micropipette (Fig. 4 B).

To assess whether latrunculin B also blocks Arc/Arg3.1 mRNA
localization, latrunculin B-filled micropipettes were positioned
in the dentate gyrus, and HFS was delivered for 90 min to induce
Arc/Arg3.1 and cause the mRNA to localize in the activated lam-
ina. In contrast to the Rho kinase inhibitor, Arc/Arg3.1 mRNA
transcription was substantially inhibited in the area of decreased
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Latrunculin B blocks the targeting of Arc/Arg3.1 mRNA to active synapticsites. A-D show an experiment in which the
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established, this twofold effect may disrupt
the molecular cascades required for Arc/
Arg3.1 mRNA transcription.

Latrunculin B blocks targeting of Arc/
Arg3.1 mRNA to active synapses

To assess whether latrunculin B also
blocked targeting of the mRNA to active
synapses, it was necessary to use a para-
digm in which targeting could be assessed
independently of the induction of tran-
scription. Hence, we used the approach
that we used previously to document a role
for NMDA receptors in Arc/Arg3.1 local-
ization in which transcription is induced
by a generalized stimulus [an electrocon-
vulsive stimulation (ECS)] and localiza-
tion is then induced by stimulating the
perforant path (Steward and Worley,
2001b). Rats were given an ECS to induce
Arc/Arg3.1 mRNA expression and were
then anesthetized and prepared for acute
neurophysiology. A micropipette filled
with latrunculin B was positioned in the
dentate gyrus as in the experiments above
~1 h after the ECS; by this time, the Arc/
Arg3.1 mRNA induced by the seizure had
been transported throughout dendrites.
Then, ~1 h and 30 min after the ECS, HFS
was delivered to the perforant path to in-
duce Arc/Arg3.1 mRNA targeting. In this
situation, the Arc/Arg3.1 mRNA that was
induced by the ECS rapidly relocalizes to
the activated dendritic lamina (Steward
and Worley, 2001b), as evidenced by a
band of labeling for Arc mRNA in the in
the same region as the band of polymer-

rat was given an ECS, followed by HFS of the perforant path on one side with a latrunculin B-filled recording micropipette
positioned in the dentate gyrus. A, Phalloidin staining in the dentate gyrus on the control side contralateral to HFS. B, Phalloidin
staining in the dentate gyrus on the side that received HFS of the perforant path with latrunculin B in the micropipette. Arrows
point out the latrunculin B application site. Note the blockade of the band of phalloidin staining. €, Arc/Arg3.1 mRNA expression
in the dentate gyrus that received ECS only. Note that Arc/Arg3.1 mRNA is distributed uniformly across the molecular layer after
induction by an ECS. D, Arc/Arg3.1 mRNA induced by an ECS selectively localizes in the activated dendritic lamina after HFS except
in areas of latrunculin B application. Arrows point out the latrunculin B application sites. Note the diffusive distribution of
Arc/Arg3.1 mRNA in the drug sites and the absence of a band of labeling in the middle molecular layer. In areas distant from the
drug site, Arc/Arg3.1 mRNA is selectively localized (arrowheads). E, F, High-magnification pictures of Arc/Arg3.1 mRNA localiza-
tion in the site distant from the latrunculin B application and the site with drug application. Latr, Latrunculin B; GCL; granule cell

ized actin (Fig. 5B, D). This relocalization
was completely blocked in the area where
latrunculin B blocked actin polymeriza-
tion (Fig. 5, compare B, D, F). In the areas
surrounding the micropipette, Arc/Arg3.1
mRNA was distributed uniformly across
the dendritic lamina as on the contralat-
eral side, in contrast to the band of labeling
in areas distant from the micropipette on

layer; DG, dentate gyrus. Scale bars, 100 pm.

phalloidin staining. Some granule neurons did show increased
levels of labeling for Arc/Arg3.1 mRNA, but the overall level of
labeling was much less than in sites distant from the site of latrun-
culin B application (Fig. 4 D). This was confirmed by optical den-
sity quantification (Fig. 4 E). The different effects of the Rho ki-
nase inhibitor and latrunculin B on Arc/Arg3.] mRNA
transcription may be explained by differences in the mechanisms
of their inhibition of actin polymerization. For example, the Rho
kinase inhibitor may block molecular pathways responsible for
activity-induced actin polymerization, but not affect the mainte-
nance of polymerized actin because it does not affect the balance
between ongoing polymerization and depolymerization. In con-
trast, latrunculin B would disrupt both the activity induced and
also the basal level of actin polymerization. For reasons yet to be

the side of the stimulation (Fig. 5, compare

E, F). Similar results were seen in three

experiments. This finding further con-
firms that actin polymerization is critical for Arc/Arg3.1 mRNA
targeting to the activated synapses.

The band of polymerized actin is not sufficient to cause Arc/
Arg3.1 mRNA to localize

The data above indicate that the reorganization of the actin net-
work revealed by phalloidin staining is part of the mechanism
that causes Arc/Arg3.1 mRNA to localize selectively. The ques-
tion is whether it is sufficient. To address this question, we took
advantage of the fact that the band of polymerized actin is highly
stable once induced (Fukazawa et al., 2003), whereas Arc/Arg3.1
mRNA is no longer localized 4 h after the inducing stimulus. Rats
were anesthetized with Nembutal, which produces transient an-
esthesia, and HFS was delivered to the perforant path for 30 min
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to induce a band of polymerized actin in
the activated lamina. Then, animals were
removed from the stereotaxic apparatus
and allowed to recover consciousness.
Two hours after the cessation of stimula-
tion, an ECS was induced to strongly acti-
vate Arc/Arg3.1 transcription, and animals
were perfused 2 h later (which is 4 h after
the termination of the HFS). Although the
initial perforant path stimulation would
strongly induce Arc/Arg3.1 and generate
signals sufficient to cause the mRNA to lo-
calize in the activated lamina, Arc/Arg3.1
mRNA is no longer localized 4 h after the
cessation of high frequency synaptic stim-
ulation. If the band of polymerized actin
induced by the original stimulation was
sufficient to mediate mRNA localization,
the Arc/Arg3.1 mRNA induced by the ECS
would localize selectively in the area of the
actin band (Fig. 6 B). As illustrated in Fig-
ure 6D, this did not occur; instead, the
Arc/Arg3.1 mRNA induced by the ECS
was distributed uniformly across the mo-
lecular layer, as on the nonstimulated side
(Fig. 6C). Optical density measurements
reveal that there is no band of Arc/Arg3.1
mRNA localization in the HFS plus ECS
side and no difference in Arc/Arg3.1
mRNA distribution on the stimulated and
control side (Fig. 6 E). Thus, the band of
polymerized actin is not sufficient to cause
Arc/Arg3.1 mRNA to localize, indicating
that either the timing of the polymeriza-
tion relative to the presence of Arc/Arg3.1
mRNA in the dendrite is critical for Arc/
Arg3.1 mRNA localization or that some
other signal is required in addition to the
band of polymerized actin.

ERK phosphorylation is also required
for Arc/Arg3.1 mRNA targeting to
activated synaptic sites

One possible interpretation of the fact that
a pre-existing band of polymerized actin is
not sufficient to cause Arc/Arg3.1 mRNA
to localize is that some other signal is re-
quired in addition to the band of polymer-
ized actin. An important clue about the
nature of the additional signal is that it
does not persist several hours after stimu-
lation, as shown by the fact that Arc/Arg3.1
mRNA induced by a seizure does not lo-
calize at a previously established band of

polymerized actin (Fig. 6). One candidate is the dramatic phos-
phorylation of ERK1/2, which is induced by HES of the perforant

path (Davis et al., 2000).

To confirm that ERK1/2 was phosphorylated in response to the
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Figure 6.  Actin polymerization alone is not sufficient for Arc/Arg3.1 mRNA targeting. A-D illustrate an experiment in which actin

polymerization was induced by delivering HFS for 30 min to induce the band of polymerized actin. The rat was allowed to recover from the
anesthesia, and then received an ECS 2 h after the cessation of HFS, which strongly activates Arc/Arg3.1 transcription. The rat was perfused
2hafterthe ECS. 4, Control pattern of phalloidin staining in the dentate gyrus contralateral to the HFS. B, Phalloidin staining in the dentate
gyrus on the side of the stimulation. Note that the band of phalloidin staining is still evident 4 h after the cessation of HFS. €, Arc/Arg3.1
mRNA distribution on the side of dentate gyrus contralateral to the HFS. Arc mRNA expression is strongly induced as a result of the ECS and
Arc/Arg3.1 mRNA is distributed diffusely across the molecular layer. D, Similarly, Arc/Arg3.1 mRNA induced by an ECS is also distributed
diffusely across the molecular despite the presence of the band of polymerized actin. E, Optical-density measurements of phalloidin
staining in the dentate gyrus on the side that received HFS (red line) and Arc/Arg3.1 mRNA distribution in the dentate gyrus on both the
side that received HFS (blue line) and on the control side with ECS only. Note the peak in the middle molecular layer for F-actin and the
absence of any indication of higher levels of labeling for Arc/Arg3.1 mRNA in the middle layer on the HFS side compared with the side that
received ECS only. Thus, the band of polymerized actin from previous synaptic activation is not sufficient to capture Arc/Arg3.1 mRNA
induced by a seizure. Scale bars, 100 pum.

of even higher levels of immunostaining in the middle molecular
layer (the site of termination of the synapses of the medial perforant
path that had been strongly activated) (Fig. 7B), in the same location
as the band of polymerized actin (Fig. 7C). Sections that were

stimulation parameters used here, we stained tissue from animals
that had received stimulation sufficient to induce Arc/Arg3.1 mRNA
localization. In addition to the dramatic increase in immunostaining
for p-ERK throughout the dendritic and cell body laminae shown
previously (Davis et al., 2000), there was also a sharply defined band

double-stained for p-ERK and Arc/Arg3.1 protein revealed that the
band of enhanced p-ERK staining occurred in the same lamina as the
band of enhanced staining for Arc/Arg3.1 protein, which is a surro-
gate measure of the location of the band of Arc/Arg3.1 mRNA (Fig.
7D-F).
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Blockade of ERK phosphorylation blocks the targeting of Arc/Arg3.1 mRNA to the activated dendriticlamina. A, p-ERK
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Arg3.1 mRNA is distributed throughout
dendrites, saline-filled recording elec-
trodes were placed and test responses were
collected. Then the saline filled micropi-
pette was replaced with a micropipette
filled with U0126, test responses were
again collected and stimulus intensity was
adjusted if necessary, and HFS was deliv-
ered for 30 min to 1 h, which is sufficient to
cause Arc/Arg3.1 that is distributed
throughout dendrites to relocalize to the
activated dendritic lamina (Steward et al.,
1998). The prediction is that if U0126
blocks targeting, then Arc/Arg3.1 mRNA
should remain distributed diffusely
throughout dendrites instead of re-
localizing in response to HFS.

As illustrated in Figure 7, U0126 did
block Arc/Arg3.1 mRNA targeting as
predicted. On the side contralateral to
the stimulation, p-ERK staining was
similar to the control except for the pres-
ence of a few neurons in the hilus that
exhibited high levels of p-ERK immuno-
staining; any other induction caused by
the ECS 2 h earlier had dissipated. In
contrast, on the side that received HES,
there was massive induction of ERK
phosphorylation except in the region
surrounding the U0126-filled micropi-
pette (Fig. 7H, I) (the area of blockade is

oz

ey | -

immunostaining in the control dentate gyrus contralateral to the stimulated side. B, p-ERK immunostaining in the dentate gyrus
that received HFS. Note the massive ERK phosphorylation in dendrites and also the band of increased immunostaining in the
middle molecular layer (arrow), which is in the same location as the band of polymerized actin (C). D—F show the colocalization of
p-ERK and Arc/Arg3.1 protein in the activated dendritic lamina. D, Fluorescence immunocytochemistry for p-ERK (red). E, Fluo-
rescence immunocytochemistry for Arc/Arg3.1 protein. F, Overlay of Arc/Arg3.1 protein and p-ERK. G—L show an experiment in
which Arc/Arg3.1 expression was induced by an ECS, and HFS was then delivered beginning 2 h after the ECS to induce localization
in the activated dendritic lamina (Steward and Worley, 2001b). In this experiment, a micropipette filled with U0126 was present
at the site indicated by the arrow. G and H illustrate p-ERK staining contralateral and ipsilateral to the stimulation. Note the
blockade of ERK phosphorylation in the area surrounding the micropipette (arrows). /, Higher-magpnification view of the area of
blockade. J, Arc/Arg3.1 mRNA distribution on the side contralateral to the HFS. Arc/Arg3.1 mRNA that was induced by the ECS is
distributed uniformly across the dendritic lamina. K, On the side of the HFS, Arc/Arg3.1 mRNA is selectively localized in the
activated dendritic lamina except in the area in which ERK phosphorylation is blocked (arrows). L, Higher-magnification view of
thearea of blockade. Note that in the area of blockade, Arc/Arg3.1 mRNA s distributed uniformly across the dendritic lamina as on
the contralateral side that did not receive HFS. Con, Control; GCL, granule cell layer. Scale bars, 100 m.

indicated by the arrow). Arc/Arg3.1
mRNA was still strongly induced on the
nonstimulated side as a result of the ECS,
and as expected was distributed diffusely
throughout the dendritic lamina (Fig.
7]). On the side that received HFS, Arc/
Arg3.1 mRNA was localized in a band in
the activated dendritic lamina (Fig. 7K)
except in the area in which ERK phos-
phorylation was blocked (Fig. 7K,L)
(the area of blockade is indicated by the
arrow). In the area in which ERK phos-

This highly localized band of p-ERK in the activated dendritic
zone is an attractive candidate as comediator (with actin poly-
merization) of Arc/Arg3.1 mRNA localization. This is especially
true because ERK phosphorylation does not persist for more than
~45 min after the cessation of HFS, and would thus not be
present in the capture experiment shown in Figure 6. The obvious
way to test this hypothesis is to pharmacologically block ERK
phosphorylation. A potential complication, however, is that ERK
activation may be required for inducing Arc/Arg3.1 transcription
(Waltereit et al., 2001). Accordingly, we used the same strategy
that we used previously to document a role for NMDA receptors
in targeting, in which Arc/Arg3.1 expression was induced by a
generalized stimulus (a seizure) and HFS was then delivered to
induce localization in the activated dendritic lamina (Steward
and Worley, 2001b). For these experiments, rats received an ECS
and were then anesthetized and prepared for neurophysiological
recording. Beginning ~2 h after the seizure, at which time Arc/

phorylation was blocked, Arc/Arg3.1
mRNA was distributed diffusely across
the dendritic lamina in the same way as
on the side that received no stimulation (arrow). Similar re-
sults were seen in six experiments and a quantitative analysis
of OD value difference was performed in three experiments.
The average OD value difference in sites distant from U0126
application is 45.51 * 5.03, whereas the average OD value
difference in the U0126 application sites is 12.18 * 7.10, indi-
cating the blockade of Arc mRNA localization in the middle
molecular layer.

Similar experiments were performed with another MAP ki-
nase kinase (MEK) inhibitor (PD98059), but local delivery of
PD98059 through micropipette recording electrodes did not
completely block ERK activation in the same way as local delivery
of U0126. The incomplete blockade of ERK activation by
PD98059 made it impossible to draw strong conclusions, but it
was noteworthy that Arc/Arg3.1 mRNA localization was less
striking in regions near the PD98059 delivery site (data not
shown)
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Inhibition of Rho kinase blocks HFS-
induced ERK phosphorylation

The data above indicate that blockade of
either actin polymerization or ERK phos-
phorylation prevents the selective target-
ing of Arc/Arg3.1 mRNA to the activated
dendritic domains, suggesting that both
are required for selective localization. It
was thus of interest to determine whether
the two processes were causally linked
(that is, whether ERK phosphorylation
was required for actin polymerization or
vice versa). Phalloidin staining of sections
from cases that received U0126 revealed
that actin polymerization was not dis-
rupted in areas in which ERK phosphory-
lation was inhibited (Fig. 8 B). Thus, actin
polymerization does not require ERK acti-
vation. Surprisingly, however, p-ERK im-
munostaining of sections from cases that
received the Rho kinase inhibitor revealed
that ERK phosphorylation was blocked in
the areas (Fig. 8C) where actin polymer-
ization was blocked, as evidenced by the
absence of a band of phalloidin staining in
the middle molecular layer (Fig. 2C).
Thus, inhibition of Rho kinase blocked the
overall activation of ERK in the postsynap-
tic cells. This finding suggests that ERK ac-
tivation is downstream of Rho kinase acti-
vation or actin polymerization is required
for activation of ERK signaling. ERK phos-
phorylation was also disrupted by local de-
livery of latrunculin B (Fig. 8 D). Together,
these data support a hypothesis that actin polymerization is also
required for ERK activation in response to HFS.

Figure8.

inhibitor).

Discussion

The goal of the present study was to identify components of the
mechanism that underlies the targeting of Arc mRNA to active
synapses. We show here that strong synaptic stimulation that
causes Arc mRNA to localize triggers striking actin polymeriza-
tion in the activated dendritic lamina. Pharmacological blockade
of Rho kinase blocked the development of the band of polymer-
ized actin, and also prevented the localization of Arc/Arg3.1
mRNA to the activated dendritic lamina. The actin polymeriza-
tion inhibitor latrunculin B had a similar effect, supporting the
idea that actin polymerization plays a critical role in Arc mRNA
targeting. Nevertheless, the band of polymerized actin is not suf-
ficient to mediate localization. Some other signal is required, and
a strong candidate for this secondary signal is ERK phosphoryla-
tion in the postsynaptic cytoplasm because inhibition of ERK
activation by local injections of the MEK inhibitor U0126 also
blocked Arc/Arg3.1 mRNA localization. Together, our findings
indicate that both actin polymerization and ERK activation are
required for Arc/Arg 3.1 mRNA targeting to the activated den-
dritic lamina.

Actin polymerization is mediated via NMDA receptor and
Rho kinase activation

We show here that actin polymerization induced by HES depends
on NMDA receptor activation, confirming previous studies
(Fukazawa et al., 2003), and that actin polymerization depends
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ERK phosphorylation blockade by U0126 has no effect on actin polymerization, but inhibition of actin polymerization
inhibition by either the Rho kinase inhibitor or latrunculin B (Latr) blocks ERK phosphorylation. A, ERK phosphorylation is blocked
by local application of the MEK inhibitor U0126, as pointed out by arrows. Arrowheads point out site distant from drug application.
B, Actin polymerization is not affected by the ERK phosphorylation inhibition. ¢, ERK phosphorylation is blocked by the Rho kinase
inhibitor. D, ERK phosphorylation is blocked by latrunculin B. Arrows point out the drug application site and ERK phosphorylation
blockade. Scale bars, 100 p.m. The section shown in € comes from the same case illustrated in Figure 2, Fand H (for the Rho kinase

on Rho kinase. How NMDA receptor activation leads to RhoA—
Rho kinase pathway activation to mediate actin polymerization is
unclear. Studies of neurons in culture have demonstrated that
Lfc, a Rho-specific guanine nucleotide exchange factor, redistrib-
utes from microtubules in dendritic shafts to the actin cytoskel-
eton in dendritic spines after activation of NMDA receptors with
glutamate (Ryan et al., 2005). In this way, Ca*" influx via NMDA
receptors and L-type Ca>* channels and Lfc translocation to den-
dritic spines activate RhoA and stabilize F-actin within spines
(Ryan et al., 2005).

Molecular participants downstream of Rho kinase also remain
to be identified. One possibility is that Rho kinase acts by phos-
phorylating LIM kinase (LIMK) (Maekawa et al., 1999), which
regulates the activity of cofilin/actin depolymerization factor
(ADF). Cofilin/ADF can sever F-actin and facilitate actin depo-
lymerization. Phosphorylation of cofilin by LIMK inhibits its ac-
tivity, which then stabilizes formed F-actin. Consistent with this
hypothesis, previous studies have shown that HFS of the per-
forant path does trigger phosphorylation of LIMK and cofilin
(Fukazawa et al., 2003), but direct evidence linking Rho kinase,
LIMK phosphorylation, and actin polymerization is lacking.

Arc/Arg3.1 mRNA localization at active synapses: docking or
transfer from one transport mechanism to another?
Filamentous actin is enriched in dendritic spines, and the actin
cytoskeleton has been shown to be critical for morphological
modifications that accompany activity-dependent synaptic plas-
ticity (Luo, 2002; Zhou et al., 2004; Zito et al., 2004; Lippman and
Dunaevsky, 2005; Tada and Sheng, 2006). The striking local po-
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Arg3.1 mRNA targeting to the activated
dendritic lamina without affecting tran-
scription or Arc/Arg3.1 mRNA transport
into dendrites. Similarly, latrunculin B,
which inhibits polymerization of actin,

m

Ca2+ Channel

HFS

blocked the relocalization of Arc/Arg3.1
mRNA to the activated dendritic zone
when HFS is delivered after an ECS.
There are two general possibilities for
what localization actually involves.
NMDA receptor activation may create a
signal that propagates through the spine
and causes Arc/Arg3.1 mRNA to dissociate
from the transport machinery and become
stationary (a docking signal). It is believed
that mRNA is transported into dendrites
in granules, and that this transport de-
pends on microtubules (Kanai et al,
2004). Studies of the movement of Arc/
Arg3.1 mRNA granules in living neurons
reveal that Arc/Arg3.1 mRNA moves at
different rates, with the fastest rate (~60
pm/min) being fast enough to deliver Arc/
Arg3.1 from the cell body to the far reaches
of distal dendrites within minutes (Dynes

M mRNA Eranule

and Steward, 2007). When Arc/Arg3.1 is
induced in the absence of a localized syn-
aptic signal (for example by a seizure), the
mRNA is transported throughout den-
drites. Localization occurs when synapses
are strongly activated as the mRNA is

“Microtubule (}ﬁ{- ﬁ
Il

F-actin

Figure 9.

active synapse.

lymerization of actin in the activated dendritic zone reported by
Fukazawa et al. (2003) suggested involvement in Arc/Arg3.1
mRNA localization because it occurs selectively in the activated
dendritic lamina, and involves a cell-biological mechanism
known to be important for short distance transport and/or dock-
ing (Lopez de Heredia and Jansen, 2004). We show that blockade
of actin polymerization by the Rho kinase inhibitor blocks Arc/

R0 @ ERE)

A possible model illustrating the roles of actin polymerization and ERK activation in Arc/Arg3.1 mRNA localization.
Under resting conditions (top), NMDAR, Ca ™ channels, Rho, and ERK are in an inactive state. RNA granules are being transported
along microtubules. After HFS (bottom), NMDA receptor activation triggers actin polymerization in spines, which is mediated by
Rho GTPase activation and causes a dramatic alteration in spine morphology. Specifically, the spine neck becomes shorter and
wider; the spine head becomes larger and often concave (Fifkova and Anderson, 1981; Desmond and Levy, 1990; Bonhoeffer and
Yuste, 2002). More prolonged HFS, as delivered here, accentuates these changes (Steward and Worley, 2001a). HFS activates
transcription of Arc/Arg3.1 mRNA, which is then transported into dendrites along microtubules. Actin polymerization in the
dendritic spines, when accompanied by ERK activation and maybe other signaling molecules, causes Arc/Arg3.1 mRNA to disso-
ciate from the microtubule-based transport machinery in the dendritic shaft and associate with the modified actin network at the

moving into or through the dendrites.
Thus, localization at active synapses re-
quires an interruption of transport, which
would require a dissociation of Arc/Arg3.1
mRNA from the microtubule-based trans-
port machinery.

Alternatively, synaptic signals may cause
the transfer of Arc/Arg3.1 mRNA from the
microtubule-based long-distance transport
machinery to a short-distance actin-based
transport system that delivers Arc/Arg3.1
into spines. Our data do not allow us to con-
clude that Arc/Arg3.1 is actually delivered
into spine, but there is evidence for a short-
distance, spine-specific transport mecha-
nism. For example, polyribosomes redistrib-
ute from dendritic shafts into spines during
induction of LTP in hippocampal slices (Os-
troff et al., 2002). Similarly, after induction
of perforant path LTP in vivo, mRNAs in-
cluding calcium-calmodulin-dependent ki-
nase II and Arc/Arg3.1 translocate into
spines as revealed by increases in the levels of
these mRNAs in isolated synaptoneuro-
somes (Havik et al., 2003). Also, previous
studies have provided evidence that an actin-based motor, myosin-
Va, plays a role in Nd1-L messenger ribonucleoprotein (mRNP)
translocation from dendrites into spines after activation of mGluRs
(Yoshimuraetal., 2006). Together, these results suggest that synaptic
signals can activate an actin-based local transport mechanism capa-
ble of delivering mRNA and ribosomes from the main dendritic
shaft into spines.

Ca2+
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ERK phosphorylation may create a transient signal for Arc/
Arg3.1 mRNA localization at spines with a modified actin
cytoskeleton

Our data strongly suggest Arc/Arg3.]1 mRNA localization re-
quires actin polymerization, but the band of polymerized actin is
not sufficient to cause Arc/Arg3.1 mRNA to localize. This was
demonstrated by the experiments in which the band of polymer-
ized actin was induced by HFS, time was allowed for the Arc/
Arg3.1 mRNA and protein induced by this stimulation to disap-
pear, and then another wave of Arc/Arg3.1 mRNA expression was
triggered by an ECS. In this situation, the Arc/Arg3.1 mRNA
synthesized in response to the seizure was transported through-
out the dendritic lamina with no hint of selective localization at
the band of polymerized actin. These results indicate that the
band of polymerized actin is not sufficient to cause Arc mRNA to
localize, and that some other signal is required. Moreover, the
results indicate that this additional signal diminishes over time
after the cessation of stimulation.

If the modification of the actin cytoskeleton is not sufficient to
mediate Arc/Arg3.1 mRNA localization, what other signals are
required? The obvious possibility is signaling molecules that are
transiently activated by HFS and also preferentially localized in
the same spatial domain as the band of polymerized actin. The
striking phosphorylation of ERK meets these criteria, and a role
for p-ERK in Arc/Arg3.1 mRNA localization is further confirmed
by the fact that blocking ERK phosphorylation with U0126 abro-
gates Arc/Arg3.1 mRNA localization. Activated ERK could mod-
ify cytoskeletal binding proteins and/or RNA binding proteins to
facilitate the capture and anchoring of mRNAs to the actin cy-
toskeleton in the activated synaptic sites.

A possible role for the actin cytoskeleton in organizing
postsynaptic signal transduction cascades

One interesting observation is that inhibition of Rho kinase
blocks activity-induced ERK phosphorylation. The same effect is
seen with local injections of latrunculin B. There are two possible
explanations: ERK activation could be downstream of Rho kinase
activation or actin polymerization may be required for activation
of MAP kinase signaling. Cross talk between the Rho kinase and
MAP kinase cascade is possible, but not well characterized. Alter-
natively, the actin cytoskeleton could participate in signal trans-
duction by acting as an anchor for postsynaptic macromolecular
complexes. Changes in the actin cytoskeleton could thus alter the
functional state of postsynaptic proteins, and facilitate signaling
pathway activation. Importantly, in other cell types, the actin
network plays a critical role in organizing signal transduction
networks, especially linkages to membrane receptors, so as to
control specificity (Harding et al., 2005).

The local blockade of ERK phosphorylation by the Rho kinase
inhibitor and latrunculin B raise one potential confound for the
present study. Specifically, one could argue that actin polymer-
ization was required for Arc mRNA localization only by virtue of
its role in activating ERK, and that the necessary and sufficient
signal was ERK phosphorylation. This is highly unlikely, how-
ever, because ERK phosphorylation occurs throughout the
postsynaptic cell, and would not provide the spatial specificity
that could explain the striking localization of Arc/Arg3.1 mRNA
in the activated dendritic lamina. Clearly, some other signal is
required to explain the spatial selectivity of the localization, and
our findings strongly indicate that it is the local polymerization of
actin that provides the spatial selectivity.

In conclusion, we propose that the reorganization of the actin
cytoskeleton induced by NMDA receptor activation reflects the
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activation of an mRNA transport mechanism within activated
spines. When coupled with activation of ERK, this spine-specific
actin-based transport mechanism delivers Arc/Arg3.1 and per-
haps other mRNAs into spines (Fig. 9), and perhaps also mediates
the translocation of ribosomes. This delivery is time-limited de-
pending on the duration of ERK activation. The other molecular
components of this system (if any) remain to be defined.
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